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5.  DATA ANALYSIS METHODS AND RESULTS

This section provides a detailed explanation of how the data were analyzed, along with a
presentation of the results.  The general types of analyses presented may be classified as delay
statistics, number of paths and arrival time statistics, multipath power statistics, correlation
bandwidth statistics, and spatial diversity statistics.  The statistics were formed from data taken
in each cell separately.  All statistics were computed using the data from Channel 1 only, except
for the spatial diversity statistics which inherently rely on the data from both channels.  All of the
raw data were taken utilizing the absolute time circuitry.  Synchronization was lost for the data
taken in the urban high-rise cell, so that set of data does not have the absolute time information.
The results of the data analysis presented in this paper did not make use of the absolute time
information so that previously written analysis software could be used.  All of the statistics were
computed from averaged PDPs (APDPs).  Therefore, the first step in the data analysis process,
common to all of the statistics, was to develop the APDPs.

An APDP was calculated from each succession of 10 PDPs according to the following procedure.
Initially, the total signal power was determined for each of the 10 PDPs and the PDP with the
greatest total power was identified.  Any of the 10 PDPs with a total power 10 dB or more below
the PDP with the greatest total power was tagged as invalid and excluded from processing.
Therefore, a set of valid PDPs within the succession of 10 PDPs consisted of one to ten PDPs.
Usually, there were 10 PDPs within a set of valid PDPs.

In order to compute an APDP, alignment in time between all valid PDPs (within a succession of
10 PDPs) was required.  Alignment was accomplished by performing cross correlations between
consecutive valid PDPs.  The second valid PDP was aligned with the first valid PDP by shifting
the second one in time according to the results of the correlation.  Each subsequent valid PDP was
then aligned with the previous (aligned) valid PDP.  Once aligned, all of the valid PDPs (within
the succession of 10 PDPs) were averaged together to give an APDP.  This type of alignment was
utilized to obtain average values of power for signals with the same delay time.

The received signal levels obtained in the measurements tended to be relatively low in some
locations due to the long distances between the transmitter and receiver, limited transmitter power
as required by the experimental license, and shadow fading.  Due to these relatively low signal
levels and the presence of multipath, an ID of only 20 dB could be guaranteed from APDPs taken
in these locations.  Because of this and also to treat APDPs of varying IDs on an equivalent basis,
only delayed signals within 20 dB of the peak value in the APDP were counted as significant for
the computations.  The APDPs were used as the basis for computing all of the statistics.

To ensure that noise was not included in the statistical computations, an APDP was only
considered valid (for inclusion in the statistics) if its ID was 23 dB or greater.  This assured that
samples of the APDP up to 20 dB below the peak received signal would be actual delayed signals
and not noise (by providing a 3-dB buffer between the peak of the noise and the region where the
amplitude of delayed signals was considered significant).  If the APDP had an ID less than 23 dB,
this APDP, as well as the APDP that was computed from PDPs taken simultaneously on the other
channel, were not counted in the statistics.  This was done so that every APDP from one channel
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had a corresponding APDP (computed from PDPs taken simultaneously on the other channel) as
required for the spatial diversity processing.

Alignment in time between each APDP was then addressed.  All of the valid APDPs (i.e., those
APDPs having at least one sample 23 dB or more above the peak noise value and having the
corresponding APDP on the other channel also meet this criterion) were then shifted in time such
that the first perceptible received copy of the transmitted signal was set to zero time.  After this
alignment procedure, the APDPs were ready to be utilized in the statistical computations.  Note
that when the term APDP is used in the rest of this paper, that it implies a valid and aligned
APDP.

In the discussion of the various different statistics that follows, the number of valid APDPs within
each cell should be kept in mind.  The flat rural cell had 3220 valid APDPs, the hilly rural cell
had 1341 valid APDPs, and the urban high-rise cell had 3813 valid APDPs.  The relatively low
number of valid APDPs in the hilly rural cell is indicative of the terrain.  In many locations within
the cell, the signal level was too low to guarantee a sufficient ID.  This was probably due to
shadow fading caused by the hills and very few reflected paths.

5.1  Delay Statistics

The three types of delay statistics that were analyzed were maximum delay, average delay, and
RMS delay spread.  Each of these parameters is a single number that is used to describe an entire
APDP.  Therefore, these parameters are useful in statistically describing a set of many impulses.
For the computation of these parameters, since delayed signals within 20 dB of the peak value in
the APDP are the only ones counted as significant, samples within each APDP that are more than
20 dB below the maximum signal level are set to zero.  

The maximum delay p is found for each APDP by finding the delay time between the first and last
perceptible reception of the transmitted signal in the APDP.  The average delay d (in s) is the
average of the power-weighted delays (with respect to the time-of-arrival of the first perceptible
reception of the transmitted signal) in the APDP.  This average delay is given as [2-4]

where N is the number of sample data points in the APDP,  is the time delay (in s) of the kk
th

sample in the APDP relative to the time of occurrence of the first perceptible reception of the
transmitted signal, and P( ) is the value of the APDP at a time delay of .k k



19

While the average delay is the average of the power-weighted delays in the APDP, RMS delay
spread is the standard deviation of the power-weighted delays [5].  The RMS delay spread is
computed for each APDP by [2-4]

For each cell, a histogram and cumulative distribution of the maximum delay, average delay, and
RMS delay spread are computed.

Figures 5.1a-5.3a show the histograms for the maximum delay for the flat rural, hilly rural, and
urban high-rise cells, respectively.  These histograms show the number of APDPs having
maximum delay values that fall within 0.5-µs bins.  The flat rural cell has a distribution such that
maximum delays less than 1 µs occur most frequently.  As the maximum delay increases beyond
1 µs, the number of APDPs per bin decreases rapidly.  The hilly rural cell has a similar
distribution with maximum delays less than 0.5 µs occurring most frequently.  The distribution
of maximum delays is much wider for the urban high-rise cell (than in the rural cells) with
maximum delays occurring most frequently around 3 to 4 µs.

Figures 5.1(b-c)-5.3(b-c) show the histograms for the mean delay and RMS delay spread for the
flat rural, hilly rural, and urban high-rise cells, respectively.  These histograms show the number
of APDPs having mean and RMS delay spread values that fall within 0.1-µs bins.  The
distributions between the two rural cells for both mean delay and RMS delay spread are relatively
similar.  Mean delays between 0.1 and 0.2 µs occur most frequently in both of the rural cells.
As the mean delay increases above 0.2 µs, the number of APDPs per bin decreases rapidly.  RMS
delay spread values of up to 0.2 µs occur most frequently in the flat rural cell, whereas in the hilly
rural cell, RMS delay spread values of up to 0.1 µs occur most frequently.

The mean delays in the urban high-rise cell show a wide and fairly even distribution from 0.1 to
1.4 µs before slowly tapering off.  The RMS delay spread distribution shows a more or less bell
shaped distribution with the maximum number of APDPs having values from 0.6 to 0.9 µs.

The cumulative distributions of maximum delay, mean delay, and RMS delay spread are given
for the flat rural, hilly rural, and urban high-rise cells in Figures 5.4-5.6, respectively.  By
comparing the cumulative distributions from both rural cells, it is evident that the probability of
exceeding the maximum delay, mean delay, and RMS delay spread is slightly lower for the flat
rural cell than for the hilly rural cell.  This suggests that there was slightly more multipath present
during the measurements in the hilly rural cell than in the flat rural cell.

The cumulative distribution of maximum delay for the urban high-rise cell shows a much higher
probability of exceeding maximum delay values than in the rural cells in the range up to about
5 µs (Figures 5.4a-5.6a).  As an example, the probability of exceeding a maximum delay of 4 µs
is about 0.45 for the urban high-rise cell and only 0.12 for the flat rural cell.  Beyond 10 µs, the
cumulative distribution of maximum delay for the urban high-rise cell shows a lower probability
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Figure 5.1. Histograms of maximum delay (a), mean delay (b), and RMS delay spread (c) for
the flat rural cell using a threshold 20 dB below the peak in each APDP.
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Figure 5.2. Histograms of maximum delay (a), mean delay (b), and RMS delay spread (c) for
the hilly rural cell using a threshold 20 dB below the peak in each APDP.
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Figure 5.3. Histograms of maximum delay (a), mean delay (b), and RMS delay spread (c) for
the urban high-rise cell using a threshold 20 dB below the peak in each APDP.
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Figure 5.4. Cumulative distributions of maximum delay (a), mean delay (b), and RMS delay
spread (c) for the flat rural cell using a threshold 20 dB below the peak in each
APDP.
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Figure 5.5. Cumulative distributions of maximum delay (a), mean delay (b), and RMS delay
spread (c) for the hilly rural cell using a threshold 20 dB below the peak in each
APDP.
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Figure 5.6. Cumulative distributions of maximum delay (a), mean delay (b), and RMS delay
spread (c) for the urban high-rise cell using a threshold 20 dB below the peak in
each APDP.
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of exceeding the maximum delay values than in the rural cells.  This suggests that very long
delays (greater than 10 µs), while not seen often, were seen more frequently in the rural cells than
in the urban high-rise cell.

Compare the cumulative distribution of mean delay between the urban high-rise cell and the rural
cells (Figures 5.4b-5.6b).  Up to 1.5 µs, the probability of exceeding the mean delay is much
greater for the urban high-rise cell than for the rural cells.  Similarly, the cumulative distribution
of RMS delay spread shows a higher probability of exceeding RMS delay spread values (up to
1 µs) in the urban high-rise cell than in the rural cells (Figures 5.4c-5.6c).  The histograms and
cumulative distributions of maximum delay, mean delay, and RMS delay spread indicate that,
although very long delays are seen more frequently in the rural cells, there are significantly more
delayed signals (out to 5 or 6 µs) with higher power in the urban high-rise cell than in the rural
cells.

In the hilly rural cell, the cumulative distributions of maximum delay, mean delay, and RMS
delay spread show higher probabilities of exceeding large delay values than in the other cells.  The
cumulative distribution of maximum delay shows a higher probability of exceeding delays 6 µs
or more than in the other cells.  This tends to indicate that there were more signals with delays
greater than 6 µs received in the hilly rural cell compared to the other cells.  This may have been
due to reflections off of the foothills of the Rocky Mountains nearby.

5.2  Effects of Spatial Diversity

The measurements were taken to allow the effects of spatial diversity to be analyzed.  Spatial
diversity was accomplished by transmitting one BPSK PN code sequence and receiving this code
on two identical receive channels.  These two receive channels had antennas that were spaced 15
wavelengths apart.  The effects of spatial diversity can be determined in many ways.  Only one
of these methods is presented here.  The method presented is based on RMS delay spread values
of the APDPs from both channels.  This method compares the cumulative distributions of RMS
delay spread for Channel 1, for Channel 2, and for the lowest RMS delay spread between both
channels (hereafter called the diversity combination).  The lowest RMS delay spread is found by
first taking the RMS delay spread of each pair of APDPs computed from simultaneously taken
PDPs on both channels (one on Channel 1 and one on Channel 2).  The RMS delay spread that
is the lowest between the two channels is then chosen.  This process is repeated for all pairs of
APDPs for each cell and the cumulative distribution for each cell is then formed.

Figure 5.7 shows the cumulative distributions of RMS delay spread for the flat rural, hilly rural,
and urban high-rise cells.  For each cell, the cumulative distributions of RMS delay spread are
shown for Channel 1, Channel 2, and the diversity combination of the two channels.  Within each
cell, observe that the cumulative distributions for Channel 1 and Channel 2, separately, are nearly
identical.  This result is to be expected since the cumulative distribution for Channel 1 or
Channel 2 is a statistical description of the RMS delay spread behavior in an entire cell over a
large number of samples.  Therefore, regardless of how the RMS delay spread values compare
between a given APDP on Channel 1 and the corresponding APDP formed from PDPs taken
simultaneously on Channel 2, the cumulative distributions for each channel separately within a
given cell should be quite similar.  The cumulative distribution for the diversity combination
shows a lower probability of exceeding an RMS delay spread value in all three cells than for
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Figure 5.7. Effects of spatial diversity in the flat rural (a), hilly rural (b), and urban high-rise (c)
cells.
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Channel 1 or Channel 2 separately.  This result is most pronounced in the urban high-rise cell.
Some improvement is obtained (where improvement is measured as a lower cumulative
distribution of RMS delay spread) by using spatial diversity and the diversity combination
technique of selecting the lowest RMS delay spread from both channels for every received impulse
response.  These results suggest that the wideband signals seen on each channel are indeed
uncorrelated to some degree.  If these signals were correlated, one would expect to see no
difference in the cumulative distributions of RMS delay spread between Channel 1, Channel 2,
and the diversity combination of the two channels.

5.3  Multipath Power Statistics

The multipath power statistics provide statistical information about the signal amplitude for every
delay time for all of the APDPs in a given cell.  These statistics include, as a function of delay
time: average multipath power, standard deviation of multipath power, peak multipath power, and
probability of multipath power exceeding a threshold.  Each of these types of statistics will be
described in this section.

All of the multipath power statistics, like the delay statistics, are computed from the APDPs.  For
computation of the delay statistics, the delay values are computed for each APDP separately, then
the statistics are developed.  The amplitude relationship between the APDPs is not important for
the computation of the delay statistics.  For computation of multipath power statistics, however,
the amplitude relationship between APDPs is important.  Therefore, some type of amplitude
normalization of the APDPs is required.  Each APDP is normalized by shifting the entire APDP
in power such that the peak sample in the APDP is set to 0 dB.  This allows APDPs of varying
total power to be treated on an equivalent basis.

The average multipath power shows the average power of a delayed signal at a given delay time
for the data in each cell.  Average multipath power as a function of delay time is computed as

where M is the total number of normalized APDPs for a given cell,  is the time delay of the kk
th

sample in the APDP relative to the time of occurrence of the first perceptible reception of the
transmitted signal (i.e., relative to time zero), and P ( ) is the value of the i  APDP at a timei k

th

delay of .  The peak value in the plots of average multipath power vs delay time will usually bek
less than 0 dB.  This is because the APDPs are aligned in time according to the first perceptible
reception of the transmitted signal, not according to the peak sample in the APDP.

The standard deviation of multipath power shows the standard deviation of a delayed signal's
power at a given delay time for the data in each cell.  The standard deviation of multipath power
as a function of delay time is given as 
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The peak multipath power shows the largest signal power that was observed at a given delay time
for the data in each cell.  Peak multipath power is computed by finding the largest signal power
at each delay time in all of the normalized APDPs for the data in each cell.

Since each individual APDP is normalized so that the peak received multipath signal is set to
0 dB, and since the first perceptible received copy of the signal is aligned to zero time, many of
the values on the peak multipath plots up to 3 µs are 0 dB.  This happens because the peak
received multipath signal frequently occurs some time after the first perceptible received signal.
This occurs when a received copy of the signal with the greatest power follows a route between
the transmitter and receiver that is longer than the first received signal (as is often the case during
non-line-of-sight transmitter/receiver orientation).  In the graphs of average multipath power vs
delay, the power normalization and time alignment result in having all points on the graph lie
somewhere below 0 dB.

The last type of multipath power statistic is the probability of multipath power exceeding a
threshold.  For the data in each cell, these statistics are computed by finding the probability that
a delayed signal's power will be greater than a given threshold for each delay time.  The
computation is performed for each delay time by finding the number of normalized APDPs for
the data in a given cell in which the delayed signal power exceeds the threshold.  This number is
then divided by the total number of normalized APDPs in that cell.  Four different threshold levels
are used: -5, -10, -15, and -20 dB, where 0 dB represents the power of the peak sample in each
normalized APDP.

The average multipath power and the associated standard deviation vs delay time are shown in
Figures 5.8a-5.10a for the flat rural, hilly rural, and urban high-rise cells, respectively.  The
average multipath power curves for the two rural cells are similar, with both having a narrow peak
close to 0 dB that rapidly decreases to -20 dB at about 0.5 µs of delay.  The average multipath
power is much higher for every delay time out to about 3 µs in the urban high-rise cell as
compared to the rural cells.  The standard deviation curves tend to follow the average power
curves until the average power curves drop down to -20 dB.

Figures 5.8b-5.10b show the peak multipath power vs delay time for the flat rural, hilly rural, and
urban high-rise cells, respectively.  Note that in all cells there is a general tendency as the delays
get longer in time for the peak amplitudes to decrease.  The hilly rural cell shows the highest and
the urban high-rise cell shows the lowest peak amplitudes for delay times greater than 15 µs.  The
urban high-rise cell has the highest peak amplitudes for delay times up to about 3 µs.  The
standard deviation curves (Figures 5.8a-5.10a) have peaks that correspond to large amplitudes in
the peak multipath power curves.

The threshold statistics vs delay time are displayed in Figures 5.8c-5.10c for the flat rural, hilly
rural, and urban high-rise cells, respectively.  For each graph, the top curve represents the
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Figure 5.8. Average and standard deviation of power (a), peak power (b), and threshold statistics
(c) for the flat rural cell.
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Figure 5.9. Average and standard deviation of power (a), peak power (b), and threshold
statistics (c) for the hilly rural cell.
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Figure 5.10. Average and standard deviation of power (a), peak power (b), and threshold
statistics (c) for the urban high-rise cell.
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probability of the normalized multipath power exceeding -20 dB.  The second, third, and fourth
curves from the top represent the probability of the normalized multipath power exceeding -15,
-10, and -5 dB, respectively.  The urban high-rise cell shows a much higher percentage of APDPs
that are above threshold than the rural cells.  For example, in the urban high-rise cell, 64% of the
APDPs have delayed signals above the -20 dB threshold at a delay time of 1 µs.  In the flat rural
cell, only 5% of the APDPs have delayed signals above the -20 dB threshold at a delay time of
1 µs.  As the threshold level is increased, the percentage of APDPs above threshold decreases.
As an example of this, consider the urban high-rise cell.  At a delay time of 2 µs, 41%, 18%, 7%,
and 1% of the APDPs have signals above the -20, -15, -10, and -5 dB thresholds, respectively.

The multipath power statistics show again that the urban high-rise cell has by far more multipath
components above threshold than the rural cells (out to 4 or 5 µs in delay).  These statistics also
show that the peak (normalized) multipath power for very long delays (greater than 15 µs) is the
highest in the hilly rural cell and the lowest in the urban high-rise cell.

5.4  Number of Paths, Path Arrival Time, and Path Power Statistics

The goal of the presentation of the statistics in this section is to provide information to assist in
the development of impulse response models (primarily tapped delay models) of the radio channel.
The first type of statistic presented is a cumulative distribution of the number of paths that exceed
a threshold.  This statistic is generated for each cell by first determining the number of paths that
exceed a threshold (within a 100-ns resolution) in a single APDP.  This process is repeated for
all of the APDPs within each cell and cumulative distributions showing the probability of meeting
or exceeding a number of paths are developed for each cell.  Four different threshold levels are
used: -20, -10, -5, and -3 dB (where the peak sample in each APDP is 0 dB).  For the -20 dB
threshold, a path is identified in one of two ways.  First, if four consecutive samples in the APDP
(spaced 25 ns apart) are all above the -20 dB threshold and are continually increasing in power,
a path is identified.  Second, if  a sample in the APDP is of higher power than the next sample,
a path is identified.  Once a path is identified, three samples (spaced 25 ns apart) are skipped and
the search for a new path begins on the next sample (i.e., on the fourth sample from the sample
where the last path was identified).  Skipping three samples before beginning to look for a new
path ensures that no more than one path is identified within the resolution of the measurement
system (100 ns).  Identification of paths for the other threshold levels begins with the paths that
were identified for the -20 dB threshold.  Each of these paths is tested to see if it can still be
counted as a path for the new threshold level.

The cumulative distributions of the number of paths are shown in Figure 5.11 for the flat rural
(a), hilly rural (b), and urban high-rise (c) cells.  All four thresholds are shown on each graph.
The top curve represents the cumulative distribution using the -20 dB threshold, the second and
third curves from the top represent the cumulative distributions for the -10 and -5 dB thresholds,
respectively, and the bottom curve represents the cumulative distribution for the -3 dB threshold.
Note that in the rural cells, the curves for the -5 and -3 dB thresholds are nearly identical.  The
probability of having APDPs with 2 or more paths is less than 0.09 in both of these cells for these
threshold levels.  Both of the rural cells show a somewhat higher probability of having APDPs
with 2 or more paths when using the -10 dB threshold.  There is a probability of about 0.26 and
0.20 of having APDPs with 2 or more paths in the flat rural and hilly rural cells, respectively.
The curves for the -20 dB threshold show a much greater probability of meeting or exceeding a
given number of paths than for the other threshold levels in all of the cells.  In the flat rural cell,
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Figure 5.11. Cumulative distributions of the number of significant paths for different thresholds
for the flat rural (a), hilly rural (b), and urban high-rise (c) cells.
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about 10% of the APDPs have 8 or more paths.  About 10% of the APDPs have 13 or more paths
in the hilly rural cell while about 10% of the APDPs have 33 or more paths in the urban high-rise
cell.  The urban high-rise cell shows a greater probability of meeting or exceeding a given number
of paths than the rural cells for all threshold levels.

These results give an idea of the number of required taps that may be needed to model the impulse
response of the radio channel (within a 100-ns resolution) in different environments in the
1850-1990 MHz band.  The urban high-rise cell would, of course, require the largest number of
taps.  Note that the number of paths is quite dependent on the chosen threshold level; as the
threshold level is set increasingly further below the peak of the APDPs, the number of paths
increases.

The second set of statistics computed here are the path arrival time and path power statistics.
These statistics give a description of the time-of-arrival and power of each path that exceeds a
threshold for all APDPs within a cell that have n paths (where n varies from 1 to 10).  The results
are displayed in a table where the mean and standard deviation of the arrival time and power for
each individual path are presented.  Arrival time is relative to the time-of-occurrence of the first
path in each APDP.  The mean and standard deviation of power are shown in dB with respect to
the peak value in the normalized APDPs.  Recall that the peak value in the normalized APDPs
is set to 0 dB.  Tables 5.1-5.3 show the time-of-arrival and path power statistics using a -20 dB
threshold for the flat rural, hilly rural, and urban high-rise cells, respectively.  Tables 5.4-5.6
show the corresponding tables using the -10 dB threshold.  These tables are organized so that each
column represents all of the APDPs within a cell that have n paths where n varies from 1 to 10.
Each row represents a specific individual path for APDPs having a total of n paths.

For an example of the use of these tables, consider Table 5.1.  Choose the column with 3 paths
(n=3).  The number of APDPs having 3 paths was 765 out of a total number of 3220 APDPs
taken in this cell.  The first path always occurs at zero time therefore its mean and standard
deviation of arrival time are both zero.  The mean power is -0.1 dB with a standard deviation of
-12.3 dB.  The mean arrival time of the second path is 0.14 µs with a standard deviation of
0.21 µs.  The corresponding mean power is -12.2 dB with a standard deviation of -10.6 dB.
Values for these parameters are found in a similar manner for the third path.

The cumulative distributions of the number of paths give an indication of how helpful the time-of-
arrival and path power information will be in the design of impulse response models.  For the
-20 dB threshold, about 95%, 89%, and 22% of the APDPs had a maximum of 10 paths in the
flat rural, hilly rural, and urban high-rise cells, respectively.  This shows that using a -20 dB
threshold, 10 paths can adequately represent most of the APDPs in the rural cells but not in the
urban high-rise cell.  Hence, the time-of-arrival and path power information using the -20 dB
threshold should be quite helpful in the design of impulse response models for cells similar to the
rural cells in this study.  For the -10 dB threshold, almost 100% of the APDPs in the rural cells
and about 79% of the APDPs in the urban high-rise cell had a maximum of 10 paths.  This shows
that using a -10 dB threshold, 10 paths can adequately represent most of the APDPs in all of the
cells.  The information shown in Tables 5.4-5.6 should therefore be quite helpful in the design
of impulse response models for cells similar to those used in this study.
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Table  5.1. Mean (µ) and Standard Deviation ( ) of Path Arrival Time (in µs) and Path Power (in dB) Using a -20 dB
Threshold for Each Individual Path for APDPs Having a Total of n Paths in the Flat Rural Cell

Total Number of Paths n in APDP
n = 1 n = 2 n = 3 n = 4 n = 5 n = 6 n = 7 n = 8 n = 9 n = 10

Number of
APDPs Having

n Paths*
183 1058 765 410 236 130 102 60 64 45

Path # µ µ µ µ µ µ µ µ µ µ

1
Time 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Power 0.0 - 0.0 -15.5 -0.1 -12.3 -0.1 -11.0 -0.1 -11.0 -0.2 -8.4 -0.3 -8.2 -0.3 -7.7 -0.4 -7.0 -0.6 -6.1

2
Time 0.17 0.43 0.14 0.21 0.15 0.75 0.11 0.03 0.19 0.83 0.11 0.04 0.27 1.21 0.11 0.03 0.12 0.03

Power -13.7 -14.6 -12.2 -10.6 -10.8 -9.7 -9.6 -8.7 -9.2 -7.7 -7.6 -7.0 -6.5 -6.3 -6.5 -6.3 -5.0 -5.2

3
Time 0.75 1.22 0.44 0.98 0.34 0.31 0.37 0.84 0.28 0.15 0.41 1.21 0.28 0.18 0.23 0.03

Power -14.7 -12.4 -14.4 -12.1 -12.9 -9.5 -13.1 -12.6 -11.6 -10.3 -10.5 -8.6 -11.4 -11.3 -11.3 -11.1

4
Time 1.61 2.59 0.87 0.87 0.75 0.97 0.52 0.33 0.63 1.22 0.52 0.36 0.44 0.17

Power -15.5 -14.2 -14.3 -11.1 -14.2 -12.5 -12.8 -11.5 -13.4 -13.2 -11.9 -11.2 -11.3 -9.3

5
Time 2.52 3.16 1.49 1.75 1.06 1.12 1.04 1.44 0.76 0.49 0.73 0.35

Power -15.8 -14.4 -16.1 -16.7 -14.5 -10.8 -12.8 -9.1 -13.1 -11.4 -13.7 -12.2

6
Time 3.78 3.91 1.85 1.82 1.55 1.68 1.10 0.63 1.08 0.53

Power -16.2 -15.9 -15.5 -15.4 -15.2 -15.3 -12.8 -8.8 -13.7 -10.7

7
Time 4.80 4.54 3.07 2.88 1.56 0.78 1.47 0.62

Power -16.4 -16.2 -14.3 -11.6 -13.3 -11.2 -14.2 -12.1

8
Time 6.09 4.71 2.83 2.20 1.93 0.86

Power -15.5 -13.2 -13.4 -9.1 -13.0 -10.9

9
Time 5.52 4.57 2.79 1.76

Power -15.7 -14.8 -15.9 -17.0

10
Time 5.81 4.21

Power -14.9 -11.9

The total number of APDPs in the flat rural cell was 3220.*
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Table  5.2. Mean (µ) and Standard Deviation ( ) of Path Arrival Time (in µs) and Path Power (in dB) Using a -20 dB
Threshold for Each Individual Path for APDPs Having a Total of n Paths in the Hilly Rural Cell

Total Number of Paths n in APDP
n = 1 n = 2 n = 3 n = 4 n = 5 n = 6 n = 7 n = 8 n = 9 n = 10

Number of
APDPs Having

n Paths*
70 595 201 124 60 43 29 24 20 19

Path # µ µ µ µ µ µ µ µ µ µ

1
Time 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Power 0.0 - 0.0 -13.2 -0.1 -9.9 -0.4 -5.9 -0.9 -4.6 -0.7 -5.2 -1.2 -4.2 -1.3 -3.8 -1.3 -4.3 -0.6 -5.9

2
Time 0.14 0.41 0.18 0.47 0.20 0.59 0.53 2.15 0.22 0.42 0.56 2.07 0.35 0.60 0.87 2.83 0.12 0.06

Power -14.6 -13.2 -12.6 -9.8 -9.1 -5.9 -7.1 -5.1 -8.6 -6.5 -6.8 -5.0 -5.9 -5.0 -5.6 -4.7 -7.1 -5.5

3
Time 1.23 2.10 0.91 1.55 0.93 2.28 0.70 1.03 1.12 2.30 1.24 2.52 1.36 2.92 0.79 1.40

Power -16.7 -17.1 -12.4 -8.2 -11.7 -7.9 -13.7 -11.5 -8.8 -5.9 -10.6 -7.1 -11.6 -11.2 -9.3 -8.0

4
Time 2.04 2.52 1.53 2.68 1.36 1.71 1.40 2.33 1.47 2.56 1.59 2.96 1.17 1.67

Power -15.7 -15.3 -11.2 -7.2 -10.9 -7.4 -11.1 -7.6 -10.0 -6.9 -14.6 -16.4 -12.0 -12.2

5
Time 3.28 4.26 2.04 2.05 2.20 2.74 1.95 2.64 2.11 3.07 1.46 1.67

Power -14.0 -10.5 -10.4 -6.7 -10.0 -7.0 -12.2 -10.5 -10.8 -6.7 -11.5 -8.2

6
Time 4.26 4.33 4.29 4.47 3.10 3.69 2.35 3.10 2.23 2.32

Power -12.5 -8.1 -14.2 -12.4 -14.8 -15.7 -10.4 -6.7 -10.5 -9.0

7
Time 6.88 5.13 4.47 4.15 2.72 3.10 2.94 2.92

Power -15.6 -15.8 -14.4 -13.8 -13.8 -13.9 -14.0 -13.8

8
Time 7.82 4.49 4.72 4.34 3.37 3.34

Power -15.9 -18.1 -14.5 -13.7 -13.4 -13.2

9
Time 7.01 4.76 4.20 3.55

Power -15.7 -16.1 -15.4 -15.3

10
Time 7.40 4.49

Power -17.3 -19.4

The total number of APDPs in the hilly rural cell was 1341.*
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Table  5.3. Mean (µ) and Standard Deviation ( ) of Path Arrival Time (in µs) and Path Power (in dB) Using a -20 dB
Threshold for Each Individual Path for APDPs Having a Total of n Paths in the Urban High-Rise Cell

Total Number of Paths n in APDP
n = 1 n = 2 n = 3 n = 4 n = 5 n = 6 n = 7 n = 8 n = 9 n = 10

Number of
APDPs Having

n Paths*
4 24 52 69 140 93 108 93 137 106

Path # µ µ µ µ µ µ µ µ µ µ

1
Time 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Power 0.0 - 0.0 -21.7 -0.1 -12.1 -0.9 -4.3 -2.9 -3.2 -1.2 -4.0 -0.8 -4.7 -1.0 -4.4 -1.4 -4.0 -1.4 -4.0

2
Time 0.20 0.26 0.18 0.34 0.14 0.06 0.15 0.15 0.12 0.06 0.13 0.05 0.14 0.09 0.13 0.05 0.14 0.07

Power -13.3 -16.1 -13.3 -14.5 -7.0 -4.6 -3.0 -3.3 -5.7 -4.2 -8.0 -5.7 -6.9 -4.9 -6.1 -4.7 -6.8 -5.1

3
Time 0.81 0.99 0.55 0.55 0.33 0.27 0.29 0.12 0.30 0.13 0.31 0.13 0.28 0.10 0.29 0.17

Power -16.0 -17.1 -13.3 -9.1 -12.2 -9.2 -14.6 -15.8 -12.4 -8.7 -10.7 -7.4 -9.2 -6.9 -7.9 -5.5

4
Time 1.62 1.46 0.71 0.59 0.59 0.25 0.55 0.26 0.49 0.18 0.45 0.17 0.45 0.18

Power -15.2 -14.0 -15.9 -17.1 -14.8 -11.4 -14.2 -12.7 -12.5 -9.4 -13.1 -11.0 -10.5 -7.7

5
Time 1.54 1.36 1.08 0.57 0.92 0.48 0.78 0.31 0.71 0.25 0.69 0.24

Power -14.5 -15.3 -14.2 -13.1 -11.3 -7.1 -13.4 -9.7 -11.5 -7.6 -12.5 -9.9

6
Time 1.92 1.38 1.37 0.71 1.22 0.55 1.02 0.38 0.94 0.31

Power -16.4 -18.3 -13.5 -9.7 -13.5 -9.7 -11.2 -7.2 -12.2 -8.5

7
Time 2.50 1.94 1.75 0.91 1.40 0.53 1.28 0.46

Power -16.0 -15.3 -13.9 -12.5 -13.8 -11.9 -12.9 -9.7

8
Time 2.88 1.64 1.92 0.79 1.60 0.59

Power -15.5 -14.2 -14.1 -12.5 -12.1 -9.3

9
Time 2.92 1.58 1.99 0.78

Power -14.3 -11.9 -15.3 -15.4

10
Time 3.03 1.83

Power -16.1 -15.3

The total number of APDPs in the urban high-rise cell was 3813.*
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Table  5.4. Mean (µ) and Standard Deviation ( ) of Path Arrival Time (in µs) and Path Power (in dB) Using a -10 dB
Threshold for Each Individual Path for APDPs Having a Total of n Paths in the Flat Rural Cell

Total Number of Paths n in APDP
n = 1 n = 2 n = 3 n = 4 n = 5 n = 6 n = 7 n = 8 n = 9 n = 10

Number of
APDPs Having

n Paths*
2371 587 172 51 18 7 4 2 3 4

Path # µ µ µ µ µ µ µ µ µ µ

1
Time 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Power 0.0 - -0.3 -9.0 -0.4 -6.8 -0.7 -6.1 -1.6 -4.8 -1.0 -6.0 -2.5 -4.9 -1.1 -6.5 -0.7 -8.2 -2.0 -6.7

2
Time 0.32 0.86 0.51 0.70 0.42 1.49 0.14 0.07 0.17 0.16 0.13 0.03 0.11 0.01 0.13 0.04 0.15 0.03

Power -6.4 -7.4 -4.9 -6.3 -4.0 -5.0 -2.4 -5.1 -3.1 -4.8 -1.9 -5.1 -5.8 -8.9 -4.2 -6.4 -3.6 -4.6

3
Time 1.38 1.97 0.98 1.69 0.34 0.17 0.36 0.15 0.41 0.19 0.38 0.15 0.28 0.05 0.23 0.03

Power -5.5 -7.2 -6.0 -7.4 -5.4 -6.8 -6.9 -9.8 -5.0 -8.5 -4.1 -6.0 -2.4 -4.5 -5.9 -10.2

4
Time 2.07 2.45 1.26 1.74 0.68 0.31 0.59 0.22 0.68 0.28 0.41 0.03 0.49 0.06

Power -5.2 -6.7 -6.8 -8.6 -8.8 -14.3 -7.2 -10.6 -2.4 -3.7 -4.6 -7.3 -5.2 -9.6

5
Time 2.93 3.86 1.25 1.01 0.83 0.13 0.85 0.30 0.51 0.06 0.68 0.10

Power -6.7 -7.1 -8.6 -14.9 -4.4 -7.6 -5.8 -11.9 -5.4 -7.8 -3.7 -4.8

6
Time 4.32 4.54 2.38 2.08 0.99 0.34 1.43 0.62 0.77 0.08

Power -5.1 -5.5 -8.9 -20.5 -6.2 -9.5 -8.7 -15.9 -5.8 -7.9

7
Time 3.24 1.86 1.23 0.43 1.53 0.59 0.90 0.07

Power -5.4 -7.9 -7.9 -13.1 -6.6 -13.1 -3.9 -8.7

8
Time 2.91 1.11 1.82 0.45 1.61 0.99

Power -7.1 -12.0 -5.2 -18.1 -4.5 -4.3

9
Time 4.83 0.92 2.08 1.01

Power -8.0 -14.0 -6.5 -13.1

10
Time 3.12 1.94

Power -3.6 -5.4

The total number of APDPs in the flat rural cell was 3220.*
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Table  5.5. Mean (µ) and Standard Deviation ( ) of Path Arrival Time (in µs) and Path Power (in dB) Using a -10 dB
Threshold for Each Individual Path for APDPs Having a Total of n Paths in the Hilly Rural Cell

Total Number of Paths n in APDP
n = 1 n = 2 n = 3 n = 4 n = 5 n = 6 n = 7 n = 8 n = 9 n = 10

Number of
APDPs Having

n Paths*
1065 139 41 29 18 22 10 9 7 0

Path # µ µ µ µ µ µ µ µ µ µ

1
Time 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 - -

Power 0.0 - -0.6 -6.0 -1.1 -5.2 -0.6 -6.3 -0.9 -5.9 -1.0 -5.0 -1.3 -5.6 -1.7 -4.7 -1.1 -5.7 - -

2
Time 0.51 1.40 0.35 0.55 1.11 1.82 0.32 0.73 0.59 0.96 0.47 0.69 0.53 1.11 0.53 0.70 - -

Power -5.2 -5.5 -4.4 -5.0 -6.0 -6.9 -4.4 -5.6 -5.4 -7.0 -2.8 -5.0 -2.7 -4.7 -5.2 -8.3 - -

3
Time 1.59 2.22 2.04 2.81 1.06 1.99 1.14 1.18 0.78 0.79 0.66 1.08 1.07 0.92 - -

Power -6.5 -8.0 -5.8 -6.5 -5.4 -8.5 -6.4 -9.4 -5.2 -5.9 -4.5 -7.6 -3.5 -5.5 - -

4
Time 3.18 3.37 1.91 3.13 1.89 1.85 1.15 0.74 0.81 1.14 1.25 0.95 - -

Power -5.4 -6.5 -5.0 -5.5 -5.4 -5.7 -5.3 -7.4 -5.0 -5.3 -4.4 -5.5 - -

5
Time 3.05 4.04 2.61 2.63 2.48 3.21 1.06 1.10 1.43 1.03 - -

Power -5.5 -7.0 -5.3 -6.6 -6.4 -6.8 -3.9 -5.0 -5.4 -6.2 - -

6
Time 5.09 4.11 4.34 4.24 1.58 1.59 1.74 1.03 - -

Power -6.4 -7.2 -6.7 -8.6 -6.5 -7.8 -4.0 -5.2 - -

7
Time 4.61 4.13 2.29 1.42 2.25 0.81 - -

Power -7.8 -11.6 -6.9 -10.8 -5.8 -7.2 - -

8
Time 2.87 1.43 2.53 0.78 - -

Power -6.4 -7.5 -6.7 -9.5 - -

9
Time 7.39 3.48 - -

Power -7.3 -10.4 - -

10
Time - -

Power - -

The total number of APDPs in the hilly rural cell was 1341.*
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Table  5.6. Mean (µ) and Standard Deviation ( ) of Path Arrival Time (in µs) and Path Power (in dB) Using a -10 dB
Threshold for Each Individual Path for APDPs Having a Total of n Paths in the Urban High-Rise Cell

Total Number of Paths n in APDP
n = 1 n = 2 n = 3 n = 4 n = 5 n = 6 n = 7 n = 8 n = 9 n = 10

Number of
APDPs Having

n Paths*
545 438 333 318 293 264 215 224 208 173

Path # µ µ µ µ µ µ µ µ µ µ

1
Time 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Power 0.0 - -1.1 -4.7 -1.5 -4.6 -1.8 -4.5 -2.1 -4.4 -2.8 -4.6 -3.2 -4.6 -3.7 -4.9 -3.3 -4.7 -3.0 -4.7

2
Time 0.66 1.12 0.31 0.36 0.29 0.29 0.23 0.23 0.22 0.23 0.21 0.21 0.20 0.17 0.20 0.16 0.20 0.18

Power -4.1 -4.5 -4.3 -4.9 -4.2 -5.1 -4.2 -5.0 -3.8 -4.7 -3.8 -4.8 -3.4 -4.7 -3.7 -5.0 -3.0 -4.8

3
Time 1.01 1.05 0.66 0.50 0.55 0.38 0.46 0.30 0.44 0.30 0.41 0.27 0.40 0.26 0.40 0.27

Power -5.3 -5.9 -4.4 -5.1 -4.9 -5.4 -4.6 -5.3 -4.4 -5.3 -4.4 -5.5 -4.3 -5.5 -4.3 -5.7

4
Time 1.45 1.17 0.95 0.53 0.75 0.42 0.69 0.38 0.65 0.35 0.62 0.30 0.58 0.28

Power -6.0 -6.4 -5.5 -6.3 -4.9 -5.5 -4.5 -5.3 -4.7 -5.8 -4.5 -5.7 -4.8 -5.8

5
Time 1.58 0.89 1.15 0.53 1.00 0.46 0.97 0.42 0.86 0.35 0.79 0.31

Power -5.9 -6.5 -6.0 -6.8 -5.4 -6.0 -4.6 -5.3 -5.1 -5.8 -4.4 -5.4

6
Time 1.75 1.02 1.33 0.53 1.29 0.52 1.12 0.41 1.02 0.35

Power -5.9 -6.4 -6.3 -7.2 -5.9 -6.7 -5.0 -5.8 -5.8 -6.5

7
Time 1.92 0.91 1.68 0.65 1.41 0.51 1.29 0.43

Power -6.6 -7.2 -6.2 -6.8 -5.4 -6.2 -5.0 -6.0

8
Time 2.15 0.88 1.74 0.61 1.55 0.49

Power -5.9 -6.5 -6.2 -7.2 -6.0 -7.2

9
Time 2.30 1.04 1.86 0.60

Power -6.4 -7.4 -6.3 -7.6

10
Time 2.30 0.89

Power -6.7 -7.9

The total number of APDPs in the urban high-rise cell was 3813.*
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5.5  Correlation Bandwidth

The correlation bandwidth (sometimes called coherence bandwidth) is the bandwidth in which the
spectral components of the transmitted signal are affected in a similar way [6].  In order to find
the correlation bandwidth, the autocorrelation of the frequency transfer function of the channel
must be determined.  An easy way to obtain this autocorrelation is by taking the Fourier transform
of h(t) , the magnitude squared of the complex impulse response of the channel [7].  Since the2

APDPs are digitized, bandlimited approximations to h(t) , they may be used to obtain2

approximations to the autocorrelation of the frequency transfer function.

The procedure to compute correlation bandwidth therefore begins by taking the discrete Fourier
transform of each APDP.  The magnitude of this quantity is given as G(jf )  and represents ank
approximation to the magnitude of the autocorrelation of the frequency transfer function of the
channel.  Note that f  is the frequency of the k  point along the spectrum and ranges from 0 tok

th

20 MHz.  The discrete Fourier transform is then taken of a PDP generated from the measurement
system with the transmitter and receiver connected via a coaxial cable and attenuator as in the
amplitude calibration setup.  The magnitude of this quantity is given as F(jf ) .  The effects ofk
the measurement system are removed by dividing G(jf )  by F(jf )  [4].  The resultingk k
magnitude spectrum is then used to determine the 90%, 77%, 63%, and 50% correlation
bandwidths (Bc , Bc , Bc , and Bc ) by finding the frequencies at which the magnitude is0.9 0.77 0.63 0.5
90%, 77%, 63%, and 50% of the peak value, respectively.  For the data in each cell, histograms
of Bc  and Bc  are then computed.  Cumulative distributions of Bc , Bc , Bc , and Bc0.9 0.5 0.9 0.77 0.63 0.5
are also computed.

The histograms for both the 50% and 90% correlation bandwidths show the number of APDPs
having correlation bandwidth values that fall within 0.5-MHz bins.  Figures 5.12a-5.14a show the
histograms for Bc  for the flat rural cell, hilly rural cell, and urban high-rise cell, respectively.0.5
Both of the rural cells show a similar distribution of Bc .  The distributions in these cells are0.5
quite spread out, with Bc  values occurring most frequently in the 15 to 16 MHz range.  The0.5
distribution in the urban high-rise cell is dramatically different.  This distribution is substantially
narrower, with Bc  values occurring most frequently between 0.5 and 1 MHz.0.5

Figures 5.12b-5.14b show the histograms for Bc  for the flat rural cell, hilly rural cell, and urban0.9
high-rise cell, respectively.  The two rural cells again show a somewhat similar distribution, with
a narrow peak occurring at Bc  values of 0.5 or 1 MHz and then a more spread-out second peak0.9
occurring at Bc  values around 4 or 5 MHz.  Again the urban high-rise cell shows a vastly0.9
different distribution.  Here, a very narrow single peak occurs in the distribution at Bc  values0.9
up to 0.5 MHz.

Figures 5.12c-5.14c present the correlation bandwidth statistics as cumulative distributions of
Bc , Bc , Bc , and Bc  for the flat rural cell, hilly rural cell, and urban high-rise cell,0.9 0.77 0.63 0.5
respectively.  These plots show, for all of the APDPs in a cell, the probability of correlation
bandwidth being less than a given correlation bandwidth value.  Note the large difference between
Bc  and Bc  in all of the cells, particularly in the rural cells.  As an example, in the flat rural0.5 0.9
cell, the probability of Bc  being less than 4 MHz is about 0.09 while the probability of Bc0.5 0.9
being less than 4 MHz is about 0.7.  The cumulative distributions of correlation bandwidth for
the rural cells are roughly similar.  For the urban high-rise cell, probabilities of correlation
bandwidth being less than the abscissa are much higher than in the rural cells.  The difference in
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the correlation bandwidth statistics between the rural cells and the urban high-rise cell tends to
indicate that significantly more multipath is present in the urban high-rise environment.
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Figure 5.12. Histograms (a-b) and cumulative distributions (c) of correlation bandwidth for the
flat rural cell.
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Figure 5.13. Histograms (a-b) and cumulative distributions (c) of correlation bandwidth for the
hilly rural cell.
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Figure 5.14. Histograms (a-b) and cumulative distributions (c) of correlation bandwidth for the
urban high-rise cell.


